Abstract: Encapsulation of silica nanoparticles was performed by emulsion copolymerization of methyl methacrylate (MMA) and styrene (St) using dimethylaminoethyl methacrylate (DM) as an auxiliary monomer. The emulsion polymerization was performed in the presence of silica nanoparticles as the seed to obtain encapsulated silica nanoparticles with polymer content and average particle sizes ranged from 35 wt. % to 85 wt. % and 114 to 272 nm respectively. Electrostatic attraction between anionic surface of silica beads and cationic amino groups of DM is the main driving force for the encapsulation of the silica nanoparticles. The influence of MMA, St and DM concentration on the coating of the silica nanoparticles was studied. It was demonstrated that DM has an important role in stabilizing the system. Transmission electron microscopy showed that coreshell structures with silica particles as core were coated with the polymer, of which the amount and morphology were influenced by the total monomer concentration and molar ratio of MMA to St. Zeta potential measurement confirmed the presence of DM on the surface of composite particles. Thermogravimetric analysis showed that the incorporation of silica in polymer matrix results in an enhancement of thermal stability in the encapsulated products. Differential scanning calorimetry studies indicated that the glass transition temperature of encapsulated particles can be either higher or lower than those of the pure terpolymer counterpart, depending on the DM content of the polymer shell. The products were also characterized by FT-IR spectroscopy.
Introduction
Incorporation of inorganic particles into polymeric materials can present a new class of materials which bears combined properties from inorganic nanoparticles (such as mechanical strength, modulus and thermal stability) with flexibility and processibility of organic polymer matrix and provide possibility of materials with various applications, such as catalysis, optic and sensors [1] [2] [3] .
Process of preparation of colloidal organic-inorganic hybrid materials can be done by suspension, dispersion, miniemulsion and emulsion polymerization reactions [4] [5] [6] [7] [8] [9] . Among these processes, emulsion polymerization is widely used. For successful synthesis of such materials, the inorganic phase usually needs to be modified or pretreated to enhance the compatibility between the hydrophilic inorganic phase and hydrophobic organic polymeric phase. For example, Bourgeat-Lami et al. described the pretreatment of colloidal silica using trimethoxysilylpropyl methacrylate followed by the dispersion polymerization of styrene in aqueous ethanol medium in the presence of polyvinylpyrolidone or poly(styrene-block-ethylene oxide) copolymer as stabilizer [5, 6, 10] . In other related work, Frusawa et al. pretreated silica particles using hydroxypropyl cellulose as a polymeric binder in order to promote the formation of polystyrene/silica composite particles in an emulsion polymerization process [11] .
Surface charge attraction can also be used as a driving force for encapsulation reactions. Such interactions, modulated by pH, have been reported by several authors. For instance, Huga et al. described the PMMA encapsulation reaction of titanium dioxide using initiators with a charge opposite to the surface charge of the pigment [12] . Similarly, Bourgeat-Lami et al. described the preparation of poly(methylmethacrylate)/silica nanocomposites particles using an electrostatically adsorbed cationic initiator to promote polymerization at the surface of an anionic silica sol [13, 14] . Another similar approach is using an auxiliary monomer to strongly adsorb onto inorganic surface and promote strong interfacial interaction between the organic polymer and the inorganic phase. Armes et al. proposed a method to synthesize a series of raspberry like core-shell nanocomposites particles with vinyl polymer as core and nanosilica as shell [15] [16] [17] [18] . In their method, 4-vinylpyridine (4VP) was used as an auxiliary monomer. The basic property of amino groups from 4VP could interact with the acidic property of the hydroxyl groups from nanosilica surface to enhance compatibility between the organic and inorganic phases. Wu et al. subsequently used 1-vinylimidazole (1VID) as the auxiliary monomer and synthesized long stable raspberry-like PMMA/silica nanocomposites particles [19] . Using this synthetic route precludes the necessity of pretreatment of surface silica and the composite is prepared in a one pot synthetic procedure.
Herein, we report the one-step encapsulation of silica nanoparticles by poly(styreneco-methyl methacrylate) via emulsion polymerization of methyl methacrylate (MMA) and styrene (St) using dimethylaminoethyl methacrylate (DM) as the auxiliary monomer. In this method, the encapsulated particles with core-shell structures were formed. The composite particles have been characterized by zeta potential measurement, Fourier transform infrared (FTIR) spectroscopy and thermal analysis techniques.
Results and discussion

Encapsulation of silica nanoparticles
The encapsulated silica nanoparticles were obtained via emulsion polymerization through variation of the amount of DM, MMA and St in the formulation as summarized in Table 1 . The encapsulation is mainly driven by electrostatic interaction between protonated amine functional groups of DM and ionized silanols of silica surface. To investigate the importance of the role of DM in encapsulation reaction, a control experiment comprising of emulsion polymerization of St and MMA with molar ratio 50/50 was preformed (run1). The reaction without DM led to macroscopic precipitate with no colloid formation. In the second experiment (run 2) when 0.12 mol/L DM was included in the polymerization formulation, a stable product with polymer content of 52.7 wt. % was formed. TEM observation of purified samples of run 2 showed that a layer of polymer about 22 nm thick covered silica nanoparticles ( Figure 1 ).
To study the effect of relative composition of St and MMA on coating reaction, the molar ratio of St/MMA was reduced to 30/70 in formulation (run 3). The final composite particles showed a reduction in their particle size and polymer content to 114 nm and 35.2 wt. % respectively. On the other hand, increasing the St/MMA ratio to 70/30, led to an increase in the composite particle size and polymer content to 159 nm and 64.6 wt. %, respectively. These observations may be related to different hydrophilicity of resulted polymers. Increasing contribution of MMA in monomer feed lead to formation of more hydrophilic polymer which grow by themselves to form stable free latex particles and are not easily adsorbed on silica surface.
Tab. 1. Summary of reaction conditions for coating experiments and their characterization. But in run 4, given the poor solubility of styrene, the forming polymer becomes more hydrophobic with increasing proportion of styrene in monomer feed. This may be a driving force for adsorption and consequently increasing the polymer content of the resulted composite. It was also shown a difference in morphology of the encapsulated particles. As can be seen in Figure 2 , in product of run 3 a thin layer of polymer covered silica nanoparticles whereas in run 4, coated particles with a raspberry-like structure were created.
Later on, we tried to enhance the polymer content of the encapsulated particles with increasing the monomer feed. So, in run 5, the concentration of MMA and St increased equally with molar ratio of 70/30. The system appeared less stable and relatively high degree of flocculation occurred. TEM study of product of run 5, showed ill defined morphology and no complete coverage of silica was observed (not shown). In run 6, increasing initial amount of DM to 0.24 mol/L, with the content of MMA and St the same as in the formulation of run 5, led to the formation of a stable system. Particle size and thermogravimetric studies of encapsulated particles of run 6 showed that the particles became larger and the polymer content increased with the amount of the comonomers.
Fig. 2. TEM image of encapsulated nanoparticles from a) run 3 and b) run 4.
As the particles become larger, more stabilizer is needed to ensure the stability of growing particles. Since the nonionic surfactant concentration was kept constant, and considering the instability observed in run 5, it is possible to conclude that increasing the DM concentration in monomer feed is an important factor to obtain a stable system. However, it should be mentioned that in all of our formulations, the use of TX 405 was necessary. The nonionic surfactant is adsorbed at the particle-water interface and stabilizes the colloidal particles by steric forces. We have been seeing that the absence of TX 405 leads to instability of the system and precipitation occurs. Thus, stability of the system is a result of both DM and TX-405's complementary role in stabilization of the system. SEM micrograph of encapsulated particles of run 6 ( Figure 3a) showed that the particles have larger size with less regular raspberry-like shape as compared with the product of run 4 ( Figure 3b ). It was also found by TEM observation that each of the particles predominately has one or two silica cores (Figures 3c, 3d) . The less regular shape is probably due to high ratio of silica core size to its surrounding polymer particles.
FTIR studies
The encapsulated products were characterized by FTIR spectroscopy. Figure 4 shows FTIR spectra of the encapsulated silica. The bare silica was examined as reference materials. The spectra in Figure 4 confirms that the products are composed of silica and the terpolymer based on the presence of vibration bands at around 1100 cm -1 arising from Si-O-Si stretching modes of silica, band at 1727 cm -1 corresponding to C=O stretching vibration of MMA and DM segments and bands at 1603cm -1 and 698 cm -1 due to vibration modes of C-H and C=C of phenyl ring of styrene units. The weak band is observed at 2772 cm -1 which is attributed to CH3 stretching of amino pendant groups of DM units. Comparison of FTIR spectra of the products shows that as the proportion of polymer in the composite samples increased, the smooth broad band pattern of Si-O-Si became more irregular in shape due to increase in intensity of the polymer's vibration signals in this region. 
Zeta potential analysis
Zeta potential vs. pH curves were recorded for selected samples of composites. These data are shown in Figure 5 . At low pH, zeta potential is positive and decreases with an increase in pH. These changes show a basic character of surface of the composite particles. It can be explained by considering the presence of DM in composition of the polymer shell. In acidic medium, DM is protonated and has a cationic character which results in positive zeta potential. With the rise in pH, DM is deprotonated and zeta potential reduces and at pH=10, it becomes negative. The negative charge probably originates from the hydrolysis of amidine function into carboxylic acid under alkaline conditions [21] . The composite particles display an isoelectric point around pH 9.5. These observations reflect, in addition to expected interaction of amino groups with silica surface, the outmost layer of the composite particles is enriched with DM residues which are solvated well by water and thus tend to concentrate near the water phase and influence on zeta potential of the encapsulated particles. 
Thermogravimetric analysis
Thermogravimetric analysis (TGA) was used to assess thermal degradation behavior of encapsulated silica. The TGA degradation for the composites is shown in Figure 6 . The terpolymer of ST-MMA-DM with the molar ratio 0.7/0.3/0.12 prepared by emulsion polymerization was also examined as reference. Two major weight losses were observed in the composites and the reference sample. The weight loss found in the first major transition is possibly due to the loss of vinylamine fragment through the cleavage of the dimethylaminoethyl side chain. The second weight loss may be because of the cleavage of the remnants of the terpolymer chains by radical unzipping [22, 23] . Thermal decomposition data of encapsulated products and the terpolymer are tabulated in Table 2 .
Comparison of thermal degradation of the composite samples with the pure terpolymer indicated that the first and second weight losses rose to higher temperatures, as silica particles were incorporated into the polymer. This can be accounted for by the fact that the interaction between SiO 2 particles and the polymer shell has probably enhanced the decomposition temperature of the polymer. Also, we calculated DM content of the polymer shell from the first weight loss of TGA thermograms. Theoretical mass loss of dimethyl aminoethyl group from one DM unit is about 46 wt. % which was taken into account in calculation of DM content. The calculated weight ratios of DM to total polymer in the coated particles are listed in Table 3 . The study of variation of the calculated DM content in comparison to that of polymer content of the composite particles (Figure 7) showed the DM content decreases as the amount of polymer increases. This trend indicate that in the particles with low polymer content the silica surface is selectively coated with limited amount of DM rich terpolymers which have a better interaction with silica. At higher polymer content, DM content decreases indicating higher proportion of less hydrophilic chains in the polymer shell. Fig. 7 . Relationship between the calculated DM content and polymer content.
DSC analysis
Differential scanning calorimetery studies were preformed on the encapsulated silica products and terpolymer of MMA-St-DM. The glass transition behaviour of the composite materials corresponds to the onset of cooperative segmental chain motion which may be affected by the inorganic phase. The DSC traces of the encapsulated silica particles and the terpolymer are shown in Figure 8 . The T g of the composite samples were between 81 °C and 99 °C and the pure terpolymer had T g of around 96 °C. Compared to the terpolymer, the T g of composite product of run 6 occurred at higher temperatures. This result indicates a reduction in mobility of polymer chains due to their interaction with the inorganic phase [24] . For the other encapsulated products, T g was lower than those of the terpolymer, which is possibly due to the presence of higher DM content in the polymer phase and effect of the DM units in decreasing T g of polymer matrix. It can be seen that the composite with higher DM units has lower T g .
Conclusions
In this work, encapsulation of silica nanoparticles was successfully performed via emulsion polymerization of MMA, St and the auxiliary comonomer DM. The polymerization was performed in the presence of silica and TX 405 as the nonionic surfactant. Electrostatic interaction of sufficient amount of DM with the surface of silica nanoparticles ensures the coating reaction in a stable state. It is also found that the MMA/St molar ratio has a influence on polymer content, size and morphology of final encapsulated particles. Zeta potential measurement showed the presence of basic DM groups on the surface of the composite particles. TGA studies showed that in the composite products, silica nanoparticles enhance the thermal decomposition of the polymer matrix. Using this technique a relationship between amount of DM in polymer shell and polymer content of the composite materials was also found. It was shown by DSC studies that depending on DM content, the encapsulated products may have either higher or lower T g than those of the pure terpolymer. The advantage of the present system is that it enables us to form encapsulated silica nanoparticles in only one step without any pretreatment of silica surface, and with the use of the conventional ingredients of emulsion polymerization systems. This method is of potential interest in other inorganic nanoparticle coating for various applications such as paint formulation.
Experimental part
Materials
Methyl methacrylate (MMA, Merck, ≥ 99%) was purified via treating with aqueous NaOH (5%) to remove inhibitor and dried over by anhydrous CaCl 2 , then stored at low temperature prior to use. Styrene (St, Merck, ≥ 99%) and (2-dimethylaminoethyl) methacrylate (DM, Merck, ≥ 99%) were purified by distillation under reduced pressure before use. The nonionic polyoxyethylene octylphenol surfactant with average number of ethylene oxide units of 40 (TX-405, Aldrich, 70% solution in water) and the 2,2'-azobis(isobutyramidine) dihydrochloride (AIBA, Acros, ≥ 98%) were used as received. The colloidal silica nanoparticles with an average diameter of 89 ± 10 nm were synthesized using so-called St ber method [20] .
Encapsulation procedure
The encapsulation of silica nanoparticles was performed by free radical emulsion polymerization of MMA and St in the presence of silica. The experiments were performed using the recipe presented in Table 3 . The typical procedure for running the experiments is as follows: the DM was added to an aqueous dispersion containing 1.5 wt. % silica beads in a round bottom flask fitted with a reflux condenser and thermometer. This mixture was stirred at room temperature for 30 min before the addition of MMA, St and Triton X-405. The emulsion mixture was degassed with nitrogen and heated to 60 °C. Then, the initiator dissolved in deionized water was degassed and added into the reaction vessel. The polymerization was carried out for 24 hr. Monomer conversions were relatively high and ranging from 89 % to 95 %. As the coating reactions caused the formation of both encapsulated particles and free latex particles, the encapsulated particles were separated from the free latex particles by centrifugation-redispersion cycles for several times with each successive supernatant being removed and replaced by deionized water. 
Characterization
The infrared spectra were recorded using a Bruker EQUINOX FTIR spectrometer. Thermogravimetric analysis was performed with a TA Q50 instrument (TA Instruments). The coated silica was dried at 50 °C to a constant weight. The dried purified powders were heated in argon to 700 °C at a scan rate of 20 °C/min. Differential scanning calorimetry data were obtained using a TA Q100 instrument (TA Instruments) between -20 °C and 170 °C under argon purge, at a heating rate of 10 °C/min. Average particle size and zeta potential measurements were performed using a Malvern Nano-ZS instrument and the data were processed using the Malvern DTS software ver. 4.2. For zeta potential measurements, the solution pH was adjusted by addition of either NaOH or HCl. The morphology of the purified encapsulated nanoparticles was studied by transmission electron microscopy (TEM). Diluted encapsulated nanoparticle dispersions were dried onto carbon coated copper grids and observed using a Carl Zeiss CEM 902 instrument operating at 80 kV.
